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detail in chapter 3 . Eqn. 3.20 was used to find the specific cake resistance. 
Experimental steady state flux value was fed into the equation for each run 
and left hand term of the eqn. was plotted against time which yielded a 
straight line for almost all the runs. In figure 5.18, one such typical plot 
has been shown to prove the validity of the eqn. with our experimental data. 
The slope of the curve gives a, the specific resistance of the cake. Figure 5.19 
shows the variation of the specific resistance of cake with pressure as function 
of membrane cut-off at 16 brix. It shows that for lower cut-off membranes 
there is not much change in specific resistance at low pressures (476 kPa, 680 
kPA) while at high pressure (884 kPa) there is a significant rise. However, 
it is evident that in 20000 membrane there^slow increase in a with pressure. 
The rise in a with pressure can be attributed to the fact that at high pressure 
the compaction of cake occurs thus increasing the resistance per unit mass. 
Furthur, it is shown in figure 5.19 that individual specific resistances increase 
as the cut-off" size of the membrane increases which is similar to the trend 
already observed using osmotic pressure polarized layer resistance (figures 
5.14 and 5.15). The reason of this may be explained similarly as the pore 
size increases permeation of LMW increasesj,rejecting high molecules and 
hence interactions of bigger molecules increases and in turn they form cake 
like substances which increase the resistance. Where as in the low cut-offs 
because of the rejection of LMW solutes as well, the la^r molecules do not 
get much chance to interact (thus unable to form bigger macromolecules) 
and hence diffuse back to bulk, there by lowering the resistance. 

Figure 5.20 has been plotted to depict the variation of specific resistance 
as ratio to Rm with respect to operating pressure and bulk concentration. 
It was plotted essentially to depict the effect of membrane resistance. It is 
evident from this figure that 15000 membrane depicts the highest ajRma 
This was also observed in figure 5.17 in case of osmotic pressure polarized 
layer model, reasons for which have already been stated there. 

5.4 Comparative Analysis of Results 

Results can be compared with respect to the obtained values of steady state 
flux, rejection of sucrose, polarized layer resistance and specific cake 
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Abstract 


Ultrafiltration (UF) of limed sugarcane juice was carried out to study the 
flux decline behaviour and the effect on rejection of sucrose. Two theoreti- 
cal models viz. osmotic pressure polarised model and cake filtration model 
were used to predict the resistances of the polarised layer and cake layer, 
respectively. 

A comparative analysis of three UF membranes (viz. 10000, 15000 and 
20000 molecular weight cut-off (MWCO) ) was done at different pressures 
(viz. 476, 680 and 884 kPa ) and three different feed concentrations (viz. 
10, 13 and 16 brix ). The speed of stirrer was kept constant at 600 rpm. 
The models were used to furthur help in the analysis and isolate a suitable 
membrane among the three with respect to flux, rejection and resistance. 
It was observed that the permeate in all the cases was clear, transparent 
and slight yellow in colour. The colour diminished with the decrease in the 
concentration of the permeate. From the comparative analysis it was found 
that 15000 MWCO ( commercial grade polyamide ) membrane at 680 kPa 
and 10 brix yielded a considerably high flux, low sucrose rejection and low 
resistances. However, it was the 20000 MWCO ( laboratory grade cellulose 
acetate ) membrane that gave favourable results for feed ultrafiltered at high 
pressure and high concentration. 



Chapter 1 

INTRODUCTION 


Sugar industry in India enjoys the status as one of the largest food industries. 
Undeniably, it is the second largest agro-based industry at present reckoning. 
Sugar production has exceeded 15 million tonnes mark per year during the 
last two years. The achievement of the industry has ranked India as one of 
the largest sugar producing countries of the world 

Sugar industry uses the conventional process to manufacture sugar. A 
block diagram of the process is shown in figure 1.1 [Ij. 

The raw juice obtained after crushing sugarcanes contains sucrose along 
with various impurities which includes colloidal, suspended and colouring 
matter. Therefore, the juice is clarified by liming, followed by heating and 
separation of the subsequently formed sludge. More sophisticated clarifica- 
tion methods like affination, active carbon treatment, phosphatation, etc. 
are employed in refined sugar processing. After clarification, juice is concen- 
trated and finally sugar is crystallised out in crystallisers, leaving behind a 
thick syrup, known as molasses. 

The conventional process has been used since years without any significant 
modifications, despite of the fact that it is highly intensive. Besides, it has 
many other drawbacks. Some of them are: 

1. Incomplete removal of high molecular weight substances during clari- 
fication which is more oriented towards colour elimination. 

2. High doses of chemical additives increase the percentage of inorganic 
impurities, which in turn poses massive problems like scaling of evaporators 
and retardation of sugar yield. 
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Fig 1.1 A block diagram for the cane sugar industrial process 





3. Inversion of sucrose in alkaline medium leads to large amount of mo- 
lasses formed. 

4. Concentration of juice by evaporators and condensation of same con- 
sumes enormous energy. 

Increasing cost of energy and ever rising demand for quality sugar has 
compelled the scientist to look for alternative efficient routes. Application of 
integrated membrane technology is one such step in this direction. 

Membrane technology include Reverse Osmosis(RO), Nanofiltration(NF), 
Ultrafiltration(UF), Microfiltration(MF) and Electrodialysis(ED) separation 
techniques. These are not only energy-efficient and cost-effective but are also 
environmental friendly. Hence, offer a distinct advantage in clarification and 
concentration of multi- component solutions and suspensions. 

A brief review of the pioneering studies on the application of the mem- 
brane systems in sugar industry was compiled by Madsen et al [2], Kishihara 
et al [4] and Gekas et al [1,3]. These reports suggest the following streams 
for application of membrane techniques: 

1. The clarification of raw juice, after liming by UF. 

2. The treatment of thick juice, after evaporation by UF. 

3. Treatment of molasses by ED or UF. 

4. Treatment of raw sugar by UF. 

The first of the four applications has been most studied. It is because UF 
of clarified limed juice offers following advantages: 

1. Completion of purification by removal of high molecular weight sub- 
stances like dextrans, waxes, etc. 

2. Reduction of the volume of juice prior to evaporation making this step 
less costly and evaporators, free of scaling problems. 

3. High final quality product. 

However, other applications are also studied but to a lesser extent. The 
hindering factors being high viscosity of thick juice and raw sugar and chang- 
ing properties of molasse^that offer processing problems. Though membrane 
systems are finding application in industries in a big way but the major 
drawback of flux decline with time has prevented them from being accepted 
commercially. The decline in flux is due to the phenomenon of concentration 
polarization which leads to fouling of the membrane and its short life span. 
These phenomena are discussed in detail in chapter-3. 
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Several attempts have been made [1-13] to find a suitable molecular weight 
cut-off (MWCO) membranes that would give a clear, light coloured permeate 
with same sucrose content. But little or no attention has been paid to study 
the limiting flux phenomena. Such attempts would help in studying the effect 
of influencing parameters in UF for the efficient design of a unit operation 
for treating cane juice to recover sugar. 

The present work is a continuation of on going research [14-16] being 
carried out in our laboratory. Based on these research works a scheme has 
been developed for sugar processing using different membrane separation 
systems. A flow diagram of which is shown in figure 1.2. 

However, the present work is concentrated on the first stage i.e, the clar- 
ification of limed cane juice using UF. The main objectives ofjhe work were: 

1. To select a cold liming pretreatment and prefiltration^to ^minate the 
coagulated and settled impurities. 

2. To study the effect of various parameters (viz. UF membrane of differ- 
ent MWCO, pressure and concentration ) on permeate flux and rejections. 

3. To analyse the behaviour of flux decline using different models and 
theories. 
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Chapter 2 

LITERATURE CITED 


2.1 Industrial Process for Sugar Manufac- 
ture 

2.1.1 Prom Sugarcanes 

The conventional process used for sugar manufacture is illustrated diagram- 
matically in figure 1.1 [1]. The sugarcane is chipped, shredded and crushed 
to extract juice. The juice contains sucrose along with various other colloidal 
and suspendftiimpurities like dextrans, proteins, starch, colouring matter, or- 
ganic acids etc. It is first limed to neutral of slightly alkaline pH to coagulate 
a part of the colloidal matter and precipitate some other impurities. A typ- 
ical composition of cane juice is given in table 2.1. [17]. The clarified juice 
obtained still contains impurities, mainly in colloidal form giving juice a hazy 
appearance, hence the quality of sugar obtained is very poor. The reason is 
that the clarification method mainly aims at the elimination of colour and 
does not to any large extent, removes macromolecular substances like dex- 
trans, starch, fat, waxes, arbinogalactans, bacteria, etc. The mixture is then 
heated at 100°C and settled in clarifiers. The underflow sludge from the 
bottom of the clarifier is filtered to extract the remaining cane juice qrKtthe 
separated mud goes for the final disposal. The clarified juice is concentrated 
in multiple effect evaporators. The concentrated juice is now sent to vaccum 
pan crystallisers, where the sugar is crystallised and crystals are separated 
using a centrifuge. The remaining part is known as molasses, Furthur, 


6 



Constituents Wp+ -l*. 

Constituents Wet Basis(%) 

basis (%) 


Water 

74.5 


74.5 

Ash 

0.5 

silica, Si02 

0.25 



potash, K^O 

0.12 



soda, Na20 

0.01 



lime, CaO 

0.02 



magnesia, MgO 

0.01 



iron, FeaOa 

trace 



phosphoric Bicid.,P 20 $ 

0.07 



sulfuric acid, SO3 

0.02 



chlorine. Cl 

trace 

Fibre 

10.0 

cellulose 

5.50 



pentosans 

2.00 



cane gum 

0.5 



lignin bodies, etc. 

2.0 

Sugar 

14.0 

sucrose 

12.5 



dextrose 

0.9 



levulose 

0.6 

Nitroge- 

0.4 

albuminoids 

0.12 

nos 


amids (as asparagin) 

0.07 

bodies 


amido acids (as asparitic) 

0.20 



nitric acids 

0.01 



ammonia 

trace 



Xanthin bodies 

trace 

Fats, wax 

0.2 


0.20 

Pectins 

0.2 


0.20 

Free 

0.08 

malic, succinic etc. 

0.08 

acids 




Combined 

0.12 

malic, succinic etc. 

0.12 

acids 





100 


100 


Table Z-1 Composition of raw cane juice. 


it is sold as a by product. The sugar crystals are dried and sized for final 
packaging [35]. 

In refined sugar manufacturing, sophisticated raw juice clarification meth- 
ods are applied. These include affination, phosphatation, active carbon treat- 
ment, ion exchange, resin treatment etc. depending upon the final quality of 
the final product desired. 

2.1.2 Prom Other Sources 

Sugar beet is another major source of sugar. It also has a very high sucrose 
content. Its advantage over cane is that it can grow well in temperate zones 
too, where as cane grows only in tropical and semi-tropical climates[35]. 

The industrial processe i^quite similar to that for cane sugar industry [1]. 
Raw juice is obtained by slicing the beets and by extracting the sugar from 
the slices in a continuous counter current process at 70-80°C. Clarifications 
are carried out in two steps; liming at 35°C in the first step and at 85°C in 
the second step. The thin juice is concentrated and the thick juice obtained 
is crystallized. Molasses is obtained as a by product [2] . 

Though all plants produce some sugar,, but only beets and canes are the 
major sources. Other minor sources are the maple tree, certain palm trees 
and honey. 

Sugar is one of the most important ingredients of everyday food. It is 
not prized for its sweet taste alone, for it supplies 13% of the energy re- 
quired for existence. As a consequence, sugar production and refining is a 
huge industry and every effort is being made to make the manufacture of 
sugar as economical as possible. It , however, is one of the oldest technique 
that has prevailed over many years without any significant modifications or 
development. In addition , it is a highly energy intensive process, using com- 
paratively valuable fuel material which could be better used as raw material 
for various other industries. 

A potential breakthrough in the sugar manufacture came in the year 1971 
when De Danske Sukkerfabrikker [DDS] carried out a series of experiments on 
clarification of cane juice and the beet using semipermeable membranes [2,5] . 
Since then quite a lot of effort and work has been done in this direction. The 
scientists have now come up with the application of membrane separation 
techniques to the following streams in cane sugar processing [2,3] : 

1. The clarification of the raw juice, after liming by MF or UF. 
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2. The treatment of thick juice after evaporation by UF. 

3. The treatment of molasses by UF or ED. 

4. The treatment of raw sugar by UF. 

It is the first application which had been and have been extensively stud- 
ied. Though the other applications have been studied but to a lesser extent. 


2.2 Review Of The Membrane Systems Tested 

In 1973, R.F. Madsen [5] performed experiments on a cellulose acetate UF 
membranes of 6000, 20000 and 40000 molecular weight cut-off (MWCO) and 
RO membranes of 200 MWCO using cold clarified juice(limed) of about 7 
pH as feed. He observed that in most experiments the flux dropped to one 
forth of its initial value within two hours and the membranes had a yellowish 
red deposit on the surface. The deposit he thought was wax. He found from 
comparative test that 20000 MWCO membrane was most suitable as 40000 
MWCO membrane gave a permeate with a high colour and a little turbidity. 
While the 6000 MWCO membrane had a high sucrose rejection. He also 
reported that RO could be used only if complete removal of colloidal and 
suspended impurities is achieved. 

In 1981, Kishiara et ah [4] performed experiments to examine the effect of 
various pretreatment procedures on the flux of sugar cane juice during UF 
and came out with the following conclusions : 

- Liming of the juice to pH 7.5 gave the highest fluxes. Removal of wax 
from the sugarcanes did not improve the flux. 

- The effect of temperature was very important as an increase from 30 - 
60® C almost doubled the flux. 

- Membranes with MWCO of 10000 - 30000 were most suitable for clari- 
fying the limed cane juice. 

In 1982, Nielsen et al.[2] introduced their investigations on the use of 
membrane having increased stability at extreme pH and temperature. He 
suggested that it should be possible to introduce membrane filtration as a 
unit operation in the sugar industry because the improvement in the flux can 
be achieved and the microbiological contamination of juice can be avoided. 

In 1983, Kishiara et al.[8] carried out UF experiments on raw juice and 
limed juice to investigate the effects of various flocculants, celite and bagasse 
on the flux. The flocculants and celite had no significant effect on the raw 
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juice or limed juice. However, in the presence of bagasse the flux of limed 
juice remained at its initial value for 6 hours. In its absence the flux of limed 
juice decreased rapidly during early period and after 2 hours was only one 
third of that in the presence of bagasse. In its absence the membrane surface 
was covered by a brownish deposit after the experiment but in its presence 
no deposit was observed. The membrane subjected to the limed juice could 
be restored to its original capacity by wiping the surface with a sponge and 
treating with the alkali. 

In 1985, Taka et al. [7] ultrafiltered raw cane juice through PM - 30, 
AM -10, YM - 5 and YM - 2 hydrophillic UF membranes. They observed 
that first three membranes gave high flux (~0.8 ml cm“^min“^) that further 
improved by previous liming at 85°C. In PM - 30 and AM - 10 ( 30000 
and 10000 MWCO) flux diminished quickly at early periods. They reported 
that protein and starch contents in permeate and retentate were lowest after 
preliming the juice to pH 7 at 85°C and also rejection of sucrose was lowest 
( 2.9%) using YM - 5 membrane. This membrane was considered the most 
suitable for limed juice while PM - 30 was most suitable for raw juice. 

In 1986, [6] the same authors undertook a pilot plant study of clarified 
juice applied to UF membranes. They tested three membranes of 20000, 
25000 and 100000 MWCO. The juice was not pretreated as three membranes 
rejected 100% dextran and turbidity and starch over 98%. They reported that 
100000 membrane removed 50% of colour which could be due to concentration 
polarization. Membranes were cleaned with 0.25% NaOH at 70° C when flux 
dropped to 20% of its initial value but could not restore the original flux. 
They found that sugar losses were about 0.5% and concluded that UF process 
will be uneconomic in the present conditions. 

In 1989, Kishiara et al.[9] carried out UF by means of a self rejecting 
membrane (SRM) fofv*vtd dynamically on a ceramic tube for clarification of 
cane juice and other technical sugar solutions. They came out with the 
following results ; 

- Suspended substances in cane juice were completely removed. 

- The purity of the juice was increased and the viscosity was decreased. 

- The permeation flux was large. 

- Recovery of sucrose from syrup was improved and sucrose crystals pro- 
duced were thin in colour. 

- The rate of crystal growth in ultrafiltrate was also large. 

Though the life span of SRM formed on ceramic tube is unknown but it 
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is thought that it is more durable than the organic UF membranes. 

In 1990, Punidads et al.[51] studied the application of cross flow MF by 
ceramic membranes in sugar refining. They studied the effect of pore diame- 
ter of the membrane(0.1-1.4 /xm), start up method, average transmembrane 
pressure(2 - 5.5 bar), cross flow velocity (5-8 m/s), temperature (80 or 
90°C), volume - concentration ratio (1 - 5.1) and operations with or with- 
out backflushing. They concluded that raw sugar solutions can be efficiently 
clarified by MF through membrane of pore diameter 0.1 - 0.5 pm, which 
gave 47% decolourization and practically 100% turbidity removal. Secondly, 
backflushing failed to increase the flux significantly. 

All the works reported above aim chiefly at the removal of macromolec- 
ular organic impurities and colour, ignoring the inorganic impurities of clear 
juice which pose massive problems during processing of cane juice. They 
are solely responsible for scaling problem in heat exchanger, retardation rate 
of sugar crystallisation, increase in viscosity and higher molasses formation. 
Therefore, the elimination of these impurities is as important as removal of 
organic impurities. Rainaet al.[10], Sujoy[14] and Sahu[16] did some research 
oh this line using ED demineralisation technique. From their experiments 
they observed that : . 

- Calcium removal reduces the quantity of molasses formed. 

- Sugar loss can be reduced 0.05% of cane by reducing CaO content by 
100 ppm. 

- The colour of juice can also be reduced. 

In brief the application^various membrane separation techniques in the 
processing of cane juice to produce high quality sugar has been shown in 
figure 1.2. The advantages of these can be summarized as follows ; 

1. Complete removal of macromolecular organic impurities like proteins, 
dextrans, gums, etc. by UF. 

2. Partial removal of inorganic impurities by ED. 

3. Partial concentration of juice by RO. 

4. Retention of aroma. 

5. Prevent thermal damage of products due to low or ambient tempera- 
ture of operation. 

6. A superior final quality product [2,4]. 

Besides its varied advantages, membrane processes have to over come its 
severe drawback of flux decline and consequent fouling to be accepted com- 
mercially as an attractive viable alternative process for sugar manufacture. 
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2.3 Review Of Studies On the Concentra- 
tion Polarisation in UF 

A summary of the flux decline due to concentration polarisation, its lim- 
itations and the ways to reduce concentration polarisation and membrane 
fouling are discussed in detail by Belfort et al.[36]. 

The dynamics of polarisation in stirred and unstirred UF cell was studied 
by Chudacek et al.[27]. The simple Carman-Kozeny equation was shown to 
be good approximate to the amount of solute in the polarised layer. Filtration 
theory was utilised to evaluate the specific resistance^cake. 

Wijman et al.[37,38], have explained the flux limitation in the UF in terms 
of osmotic pressure. On the other hand Jonson [52] suggest that a degree of 
osmotic limitation have to be considered along with gel polarisation model. 
Dickson et al.[43] and Do et al"[44] have also discussed in this line. The 
limiting flux is independent of applied pressure and is strongly dependent on 
stirring and bulk concentration. 

Nakao et al.[39,40] considered cake filtration theory to analyse concentra- 
tion polarisation and fouling in unstirred conditions. This was followed soon 
by Aimar et al-[28]. Aimar et al.have illustrated four models for evaluating 
concentration polarisation. A model based on adsorption isotherm and an- 
other on gel layer growth have also been derived and discussed. In the same 
direction Chiranjib et al. [31,32] have proposed osmotic pressure model and 
gel layer model for predicting the resistance build up on the membrane due 
to retention of the solutes. 

With the increase in the complexity of the problems , a large usage of 
numerical modelling procedures have been experienced lately and quite a few 
studies on mathematical modelling and simulation of membrane modules. 
Several works [41,42,45,46] have been reported in this respect. The present 
day membrane literature consist of innumerable studies on different aspects 
of flux decline and a number of reviews have been written on these. works. 
Of these, Gekas and Hailstorm [47] present a detail discussion on factors like 
porosity, wall roughness, change in viscosity, diffusion coefficient. Belfort and 
Nagata [48] enumerated the governing equations for transport and adsorption 
phenomena in porous membrane ducts. Two recent reviews deal extensively 
with the studies made on flux decline and its causes in UF [49,50]. 
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Chapter 3 


THEORETICAL 

CONSIDERATIONS 

3.1 Ultrafiltration 

Ultrfiltration (UF) is size-exclusion based pressure driven membrane sepa- 
rartion process. The UF membranes have a pore size range from 10 to 1000 
®A and are capable of retaining species in the molecular weight range of 
500 to 500,000 daltons. The species it can typically reject include proteins, 
biomolecules, polymers and colloidal particles. The UF can be thought sim- 
ply as a flow through pores in which separation is a seiving process based on 
relative molecular size.It can be thought of as performing following functions: 

1. Feed clarifications. 

2. Concentration of rejected solutes. 

3. Fractionation of solute 


3.2 Flux 


The water flux through porous membrane can be described by Darcy’s law 
which states that flow rate is directly proportional to the applied pressure 
gradient: 


J = llA{dvldt) = 


AP 


( 3 . 1 ) 
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During UF of macromolecular solutes the linear relationship between J 
and Ap does not hold. The volumetric flux is then given by: 

j _ AP - Att 

where, Pm is intrinsic hydraulic resistance and Att is difference in osmotic 
pressure of feed and permeate phases. Flow through pores of UF membranes 
is modified by factors such as pore tortuosity, pore diameter, membrane 
thickness and porosity. Hence, the resistance is given by: 



Rm = 


8tS 


ea^ 


(3.3) 


The UF membranes are plastic in nature and can yield under pressure 
thus making compaction a compulsory step before use of any membrane.The 
Rm therefore is also a function of pressure history. Membranes have to be 
compacted at a pressure higher than the operating pressure. 

Feed (liquid) phase mass transfer resistance and resistance due to gel layer 
or cake formation on the membrane surface are extremely important. Hence 
, fouling and concentration polarization are major important effects of UF 
processing. 


3.3 Concentration Polarization 

The accumulatCon of the rejected species on the membrane surface is call 
ed concentration polarization. Because the solute is retained by the mem- 
brane hence, the concentration at the wall {Cm) increases. The value of Cm 
is determined by the balance between solute brought to the surface by the 
convective flow of the solvent and that which diffuses back in to the bulk. 
Consequently, the membrane effectively experiences a higher feed side con- 
centration resulting in reduced flux and rejection. 

In UF , the macromolecular solutes and colloidal species usually have 
insignificant osmotic pressure. Nevertheless, flux is affected along with re- 
jection by concentration polarization and the formation of gel layer or sec- 
ondary membrane. In UF, the higher flux often drives the concentration at 
the wall above the solublity limit and we are accustomed to operating in a 
gel polarised regime (figure 3.1). In this regime, the concentration at the 
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Fig 3.1 Boundary layer model for batch cell filtration 



surface is fixed and solute passage occurs at a constant rate, irrespective 
of changes in the feed concentration. The flux, then is called limiting flux and 
is expressed as: 


, AP — Att 

Rm + R 


where, R^ is the resistance offered by the deposited cake. 


(3.4) 


3.3.1 Resistance in series 

The additional resistances offered by the two layers on the membrane feed 
side surface - the boundary layer and a gel or cake layer are responsible for 
flux decline . The flux reduction phenomenon is analysed by a boundary layer 
model illustrated in figure 3. 2. A steady state mass balance over concentration 
boundary layer gives: 




(3.5) 


Integration of the equation using the following boundary conditions yield 
eqn. 3.6 : 1. C = Cj at x = (5 2. C =,Cm at x = 0 


J = kin 


Cm-C, 

Cb-Cr, 


where, k = D/<5 , is the mass transfer coefficient. 

For stirred cell, k can be f<md from the following correlation [24]: 
1. Laminar boundary layer over membrane surface 


ksr 

D. 


0.285(— 

7 


when. 


(jJT 

8000 < ( ) < 32000 

7 


2. Turbulent boundary layer over the membrane surface. 


(3.6) 


(3.7) 

(3.8) 


= 0.0443(— )"'"(^)”'® 

-Us ^ Us 


(3.9) 
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Fig 3.2 Concentration profile and mass balance in gel and film layer 
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when, 32000 < {^) < 82000 
where, r = cell radius, cm 
u = stirrer speed,rad/sec 
u = kinematic viscosity, cm^/sec 
D = diffusivity of solute, cm^/sec 


3.3.2 Fouling 

It is defined as the additional resistance offered by the deposition of solutes 
on the surface or within the pores (adsorption )^figure 3.2 account for these 
resistances ^eqn. 3.2 is modified as: 


fJ-siPm + .Ra + Pp) 


(3.10) 


where Ra corresponds to the resistance due to adsorption and Rp is due to 
accumulation. Increase in applied pressure causes densification of the cake or 
gel layer and therefore cancels the expected flux increase. Secondly the solute 
adsorbed in the pores of the membrane can either completely block them or 
effectively reduce their diameter. As a result of either of these mechanisms, 
the flux through membrane is reduced while the rejection may essentially be 
constant or may increase. Fouling is of two types : 

1. Reversible Fouling : It refers to fouling that can be reversed by 
cleaning it with water or some other cleaning agent. 

2. Irreversible Fouling : It is the main reason that necessitates mem- 
brane replacement. 


3.4 Rejection 

It reflects the ability of a membrane to retain certain species. It is defined 
in two ways as : 

1. Observed Rejection : It is based on the bulk concentration of the 
feed and is given by : 

iS. = 1 - ^ (3.11) 
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„ 2- : Due to concentration polarization the concentration 

of species^is much higher than the bulk hence, it is based on membrane surface 
concentration and is defined as 


= (3.12) 

3.5 Molecular Weight Cut-ofF Profile 

The rejection characteristics of UF membranes are usually expressed as nom- 
inal molecular weight cut-off (MWCO). This number actually refers to the 
molecular weight (daltons) of a species, which would be expected to have 
Ro ^qn. 3.10) value of atleast 0.9. A MWCO profile or retention curve is 
constructed by measuring the Ro values of chemically similar compounds of 
varying molecular weights . There are two types of MWCO UF membranes. 
They are : 

1 . Sharp Cut-off Membrane : It is microporous ultrafilter in which 
the width of the pore size distribution is so small such that the size difference 
between the solute which is completely retained and a solute which passes 
through the pores unhindered is small. 

2. Diffuse Cut-off Membrane : In such membranes there is wide pore 
size distribution. 


3.6 Estimation Of Additional Resistance Of- 
fered By The Membrane Due To Reten- 
tion of Solutes 

3.6.1 Osmotic Pressure Polarized Layer Model 

The model [Winston] explains the flux reduction by the increase in osmotic 
pressure difference from the feed / membrane surface to the permeate phase 
that has to be overcomed. In the case when large molecular weight species 
accumulate at the membrane surface with back diffusion in to the bulk, the 
osmotic pressure difference [Tr^iCw) — ’’■p(C'p)] inay be significant. The con- 
centration polarization model eqn.3.4 along with the basic osmotic pressure 
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(3.13) 


model gives the following equation as a function of time : 

j(t) = . AP - Att 

fs[Rm. + Pa + Pp(^)] 

This is used to account and estimate for the polarized layer resistance, 
RpOS a function of time. An iterative technique was adopted to obtain mem- 
brane surface concentration (C'm)^ass transfer coefficient (k) and polarized 
resistance Rp The mass transfer coefficient k was calculated from eqn.3.7 or 
eqn.3.8 depending on the Reynold’s number. The physical properties that is 
density and viscosity were determined at the average concentration prevail- 
ing the boundary layer. The average concentration was obtained by making 
a differential mass balance over the element of thickness Ax shown in figure 
3.2. At steady state : 

dc dc 

JCU+A. - JCU + ^[^Uax - ^U] = 0 (3.14) 

or 

dc. d?‘c 

•^^ + ^^=0 ( 3 . 15 ) 

ax ax 

This equation is solved under the following boundary conditions: 

1. at X = 0, C = Cm 

2. at X = ^, C = Ci 

Assuming D to be independent of concentration^the solution of this equa- 
tion is obtained as: 

C = - (C„ - (3-l«) 

The average concentration prevailing over the boundary layer is defined 

as ; 

C = 7 [^Cdx (3.17) 

0 Jo 

Substituting eqn.3.13 in eqn.3.14, the average concentration is obtained 
as: 


d = - (C„ - Ct)[ ^ _ - 1] (3.18) 
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3.6.2 Cake Filtration Model 

In unstirred UF, solute is carried convectively to the membrane surface where 
it accumulates and provides an increasing harrier to solvent flow. Solute dif- 
fusion back from the membrane moderates this effect by reducing the trans- 
port of solute to the membrane. During the initial stages convective transport 
predominates, and by neglecting diffusional back transport we can analyse 
unstirred UF in terms of conventional pressure filtration theory [26]. The as- 
sumption made was that the polarised concentration profile is established 
very rapidly so that solute starts to deposit cake or gel instantaneously, 
where the concentration is constant and equal to Cg [27]. 

It is also assumed that the amount of particles deposited by convection 
is proportional to their bulk concentration, Ct and to the volume filtered v 
[29]. The eqn.3.4 can be written as : 


AP-Att 
n[Rm + aCbv] 


(3.19) 


where a is the specific resistance of the cake. For stirred UF cell [28], the 
effect of back diffusion cannot be neglected during the initial polarisation 
period since it could be substantial. In this case, the convective flux of 
matter is partially balanced by a constant removal flux, Jj.Such a model has 
been proposed by Kimura et al. [30] for fouling reverse osmosis membrane 
and later by Fane et al [27] in differential form. 

In the gel model the back diffusive flux, Js is constant and equal to 
kln{^). The gel then grows until the permeation rate is equal to Js, that is 
the flux at steady state^ eqn 3.19 can then be written as follows: 


dv j AP — Att 

di ^ [77/i -f- otCJb'pi^ ^5^)] 


(3.20) 


where Chp = Cb — Cp. On integration of eqn. 3.20 we obtain the following 
equation: 


Js/n[ 


m 1 

Js-Jity 


_Js_ 

m 


aCbpJllit Js j j ( J{^) N 

AP-Att J(O)'^'^^ Vs-J(O)^ 


( 3 . 21 ) 


It is necessary to know the value for Jj in order to check the validity 
of this model. When J* is known, plotting the left hand term of eqn.3.18 
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versus t should give a straight line . On the other hand, if the constant wall 
concentration assumption is not valid, the value of the back diffusion flux is 
no longer constant and eqn.3.18 does not describe experimental results. 


3.7 Ultrafiltration Of Cane Juice 

3.7.1 Analysis of Cane Juice 

The raw cane juice was obtained from a lacal vendor. The composition of 
the juice variee(with place and season. Eten crop from one place grown 
in the same season yield sugarcane juice of varying composition. Hence, 
it is extremely difBcult to analyse the composition of raw juice everyday, 
before-use. Therefore, composition of raw cane juice available from the liter- 
ature [17] was utilised for the present work. The composition of raw juice is 
shown in table %1. However, no data could be found for composition of the 
limed juice. Hence, a theoretical table was generated based on the charac- 
teristics of the constituents of juice. The solutes with molecular weight less 
than 10,000 are grouped under permeable solutes while those with molecular 
weight greater than 10,000 are grouped under non-permeable solutes. The 
approximate theoretical table so developed is shown in 


3.7.2 Estimation Of Rejection 

The concentration of the feed and the permeate is estimated by measuring re- 
fractive index (RI). Therefore, the rejection of solutes can be mathematically 
expressed as: 


R = ^ (3.22) 

KJf 

Here R gives total rejection of solids not of an individual specie. Hence, 
to find rejection of an individual solute, the measured RI is multipHed by 
the weight fraction of the solute in the feed and permeate, respectively. For 
example, to find the rejection of sucrose eqn.3.22 is modified as : 


R//rX0.71 - R/pxD.83 
RIfHO. 71 


(3.23) 
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Similarly, for each permeable solutes, this rejection can be determined. 
Here it has to be noted that the rejection of the non-permeable solutes have 
been assumed to be 100%. 
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Chapter 4 

EXPERIMENTAL WORK 


4.1 Instruments and Materials 


Membrane 

Type 

Nature 


Diameter 

MWCO 

Composition 


pH 

Allowable max 

Support 


Skin 

Sterilization 
Suggested cleaning 


Storage 


spectra/por;Spectrum Medical Industries, US A 
polyamide/comm;Hydraunautics Ltd, India 
Flat,disk,assymrtric,anisotropic 
hydrophillic 
76 mm 

10000,15000,20000 
Cellulose acetate 
polyamide 
2 to 10 
90°C 

Highly porous, 150 to 300 
0.1 to 0.5 /im 

By hydrogen peroxide or formalic or ethylene oxide 
By detergent with enzyme or 2.5% hy<(.rogeri 
peroxide. 1 to 2% formaldehyde 
1 to 2 % formaldehyde 
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stirrer 

Diameter of the stirrer 56 mm 

Type of packing used Asbestos packing 

in the gland 

Sealing fluid Sillicone grease 

Stirrer motor 

Type 
Supply 
Ampirage 
Horse power 
rpm 


Pump 


Type 

Reciprocating 

Supply 

220 V, 1 phase, 50 Hz 

Ampirage 

2.6 amp 

rpm 

1425 

wattage 

180 w 


Toshniwal hand tachometer type 630 
30 to 50000 rpm 

1.333 between 30 - 150 

44.44 between 100 -500 

1.333 between 300 -1500 

44.44 between 1000 - 5000 

1.333 between 300 - 15000 

444.44 between 10000 - 50000 


Automatic survo voltage regulator - type LLS/VRT-7/89 
AC, 50 cycles, 1 phase 

2.5 KVA, input; 175 - 250 V, output : (230 +/- 1%)V 

ABBE - 3L, Baucsh and LOMB, USA 
1.30 - 1.71 no 

0 - 85%(total dissolved solids) 

Weighing balance 

Model Saratbrius, 2004 MP 

Accuracy 0.00001 gm 


Voltage Stabilizer 

Model 

Current 

Capacity 

Refractometer 

Model 

Range of measuring 
Scale 


Tachometer 

Model 

Range 

y Accuracy 


Shunt, continuous rating 

220 V. DC 

0.85 amp 

0.125 Hp 

1450 
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4.2 Experimental Device 

4.2.1 Apparatus 

A stainless steel cylindrical stirred ultrafiltration cell was used to study the 
influence of various factors that affect the flux declining phenomenon. A 
high pressure reciprocating pump and a back pressure regulator were used to 
maintain and change pressure. The system is provided with two dampeners 
to reduce the fluctuations in pressure and maintain it at he set point. 

A schematic diagram of the experimental set up is shown in figure 4.1. The 
specification of the stirred UF cell shown in figure 4.2 are as follows: 


Material 

SS316 

Useful volume 

650 cc 

Residual volume 

3 cc 

Membrane diameter 

76 mm 

Effective filtration diameter 


Maximum Testing 


Pressure 

1000 kPa 

Stirring facility 

Mechanical 


4.2.2 Feed Solution 

Limed cane juice was used as the feed solution 

4.2.3 Design Of experiments 

Experiments were designed to study the effect of three independent variables 
viz. concentration, pressure differential and MWCO at constant stirrer speed 
(600 rpm), on flux and rejection. During an experiment all the three variables 
were kept constant and flux decline behaviour with time was measured. The 
concentration of the feed solution ( in RI ) was taken as 10, 13 and 16 brix, 
respectively and the operating pressures chosen were 476, 680 and 884 kPa, 
respectively. The three UF membranes used were of 10000, 15000 and 20000 
MWCO. 
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Fig 4.1 A schematic diagram of the experimental set 





Fig 4.2 Ultrafiltration cell 


1. Fitting for stirrer motor. 2.Top flange. 3. Feed inlet.4. Pressure line 
connector. 5. Stainless steel cell. 6. 0 - Ring. 7. Membrane. 8. Base flange. 

9. Fixed support. 10. Permeate collector. 11. stirrer. 


4.3 Experimental Procedure 

4.3.1 Liming Of The Raw Cane Juice. 

The raw cane juice, obtained from the local vendors, was treated with milk 
of lime to raise its pH from 5. 2/5.4 to 8.0. The liming was done at room 
temperature (22-23°C). It is done in order to settle the suspended solids and 
produce a clear juice. The treated juice was kept for about two hours to 
facilitate the settling of the solids. Then, the clear brownish red supernatant 
limed juice was siphoned out. This supernatant juice is that which is sub- 
jected to the UF membranes after prefiltering it, using one of the following 
methods: 

1. Packed bed :It is a 16 cm bed of glass beads( 1mm diameter) and 60 
- 120 mesh silica gel . The height of silica gel bed is approximately 8 cm. 

2 Whatmann - 42 filter paper after filtration through the packed bed, 
under vaccum. 

3. Whatmann-42 filter paper under vaccum. 

4.3.2 Ultrafiltraion Of Limed Cane Juice 

First a membrane is compacted ^at 1020 kPa(150 psi) for atleast two hours. 
The compaction pressure should,fiigher than the highest operating pressure. 
This procedure is adopted to prevent decline in flux during the experiment 
due to the compaction of the membrane. During compaction the water flux 
is continuously measured until it becomes constant. This suggests that mem- 
brane has been compacted and is ready for use. Then, water flux at different 
pressures ( less than 1020 kPa ) are measured to And the hydraulic resistance 
(Rm) of the membrane. 

Once the above procedure has been done, the feed solution is then pumped 
into the cell by the reciprocating pump. The speed of the stirrer is adjusted 
by regulating the voltage supply with the help of a variate. The rpm of the 
stirrer speed is measured by tachometer. Jhe pressure level is adjusted with 
the help of back pressure regulator (BPR). The permeate is collected and 
recycled back to the feed tank intermittently to keep the concentration of 
the feed constant. 

To mesure flux , a 25 cc measuring cylinder was taken. Time after col- 
lection of'^every 5 cc of permeate was noted. The experiments were stopped 
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after the flux reaches a constant value. 

After each4ui^, the cell is thoroughly rinsed with distilled water. The 
membrane is also washed with distilled water and kept in the same for atleast 
twenty four hours before using for the next experiment. However, every time 
the hydraulic resistance of the membrane is found before using it for next 
experiment. This is done to quantitatively find the change in the permeability 
of the membrane. This procedure was repeated for each set of operating 
conditions. 

4.3.3 Measurement Of The Concentration 

Refractive index calibration meWiod is used to determine the concentraiton of 
the raw cane juice and the limed cane juice. It is given in figure 5.1. To find 
the amount of total dissolved solids in the solution , the following procedure 
was adopted: 

1.10 cc of the solution was taken in a petredish that was preweighed. 

2. The solution was evaporated in an oven at 100°C and the mass of the 
remaining solid was weighed to calculate the concentration ( total dissolved 
solids). 

3. In the calculations , however, always’ mesaured RI of the solution was 
used to estimate the concentration of the solids in the solutions. 

4.3.4 Measurement Of The Viscosity And Density 

Viscosity of limed cane juice is determined by Ostwald’s viscometer at a con- 
stant temperature( 22- 23°C). A correlation between viscosity (cP) and con- 
centration (RI) was developed by fitting a polynomial curve(ref. Appendix 
A). The fitted curve was used in the calculaion and analysis . 

Similarly, the density (g/cc) of limed cane juice is deteriiined with help of 
specific gravity bottle (ref. Appendix A) and correlated to the concentration 
(RI) of the juice. 
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Chapter 5 

RESULTS AND DISCUSSIONS 


5.1 Pretreatment Of Raw Sugarcane Juice 

5.1.1 Cold Liming of the raw juice 

The raw sugarcane juice is treated with the milk of lime to coagulate the 
suspended solidsand produce a comparatively clearer juice. This standard 
clarification process removes mud, suspended particles, collodial matter, pro- 
teins , waxex etc. This reduces the amount of macromolecular suspended 
matter and also the load on membranes and its chances of early fouling are 
reduced. The amount of matter settled or removed due to liming can be 
found from figure 5.1. It appears from the figure that as the concentration 
of raw juice increases amount of solids settled increases. However, on cal- 
culations it was found that approximately 20% of the total dissolved solids 
are removed on liming at each concentration of juice. This is obvious as the 
liming is simply restrictefby control of pH only (i.e at 8.0). 

5.1.2 Prefiltrion Of Limed Juice 

The clarified juice pbtained after liming , although is free of mud but 
still contains high molecular weight proteins, organic colouring matter etc. 
These dissolved matters may result in decline in fiux and cause membrane 
fouling , when this feed is subjected to UF. Therefore, some pretreatment of 
clarified juice was felt necesarry and some of the methods used were : 


31 




5. 1.2.1 Filtration Through a Silica Gel Bed 

The clarified limed juice was passed through a differential packed bed 
under vaccum. The bed comprised of glass beads(l mm diameter) , topped 
by 8 cm of 60 -120 mesh size of silica gel. The height of the total bed was 
approximately 16 cm. The colour of the bed becomes yellow after treatment 
, indicating the absorption of some of the colouring matter. A reduction in 
refractive index (RI) was also observed. Some typical data have been reported 
in table 5.1. This reduction in RI retention of high molecular substances and 
suspended matter on bed. 

5. 1.2.2 Filtration Through Whatmann -42 Filter Paper After 
Packed Bed Filtration 

The limed juice after passing through packed bed was passed through 
filter paper under vaccum not much change in RI was observed as can be 
seen from typically repoffecl data in table 5.2. It was experienced that the 
filter paper have to be changed atleast twice to filter two litres of limed juice 
asifiised to get plugged. On weighing the dried filter papers, it was found 
that they retained about 0.3 gm/1 of solids. 

5. 1.2. 3 Filtration of Limed Juice Directly Through Filter Paper 

On filtering the clarified lime juice directly through Whatmann-42 under 

vaccum , a greenish brown layer formed on the filter paper that pluggec(; the 
pores, making it compulsory to change the filter paper 3-4 times for filtering 
two litres of juice. On measuring it was found that 0.5-0. 6 gm total solids 
per litre of juice were retained. 


5.2 UF Of Pretreated Cane Juice 

5.2.1 Estimation Of Sucrose Rejection 

The aim of the work'flis to recover sucrose and remove all other substances 
from the pretreated limed juice. Hence, it was necessary to estimate the 
individual concentration of the sucrose, both in feed and permeate. How- 
ever, only the bulk concentration of the feed and permeate both were mea- 
sured in RI.This method was adopted as the analysis of the juice was diffi- 
cult. Further, the composition varied with place , crop and season. 
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Concentration 

I 

Limed juice 

Filtered Limed, juice 

R1 

R1 

(j6tr/)0 

(hr/}^ 

16.3 

15.4 

17.7 

16.8 

18.7 

17.7 

19.7 

18.6 

22.0 

20.0 


Table 5.1 Refractive index of limed juice before and after 
filtration through packed bed. 


Concentration 

Limed juice 

Filtered juice 

RI 

RI 

( brix^ 

( brix^ 

8.7 

8.4 

9.6 

9.3 

10.3 

10.1 


Me 5.2. .tractive index of limed juice before and'after 
ni,„.i„n nacMd bed and imer paper. 



Hence, the calculations were based on the analysis available from tne lit- 
erature ( table 2.1). Further , no data was available on the composition 
of limed juice. Hence, it had to be generated based on certain assumption 
(considering 20% solids settled during liming) described in chapter 3. Table 
5.3 gives the theoretically developed composition of the limed juice. In the 
table one can note that the constituents are divided in two distinct groups 
- permeble solutes and nonpermeable solutes, which is done with respect to 
the UF membranes (10000, 15000,20000) used in the present work. 

As it has been mentioned earlier that the concentration can be estimated 
only by measuring RI which for a mixture gives the combined RI of most of 
its constituents. RI is an extensive property (additive in nature) .This was 
verified in the present case (ref. Appendix B). Therefore, in order to estimate 
RI of an individual solute ( say sucrose), the RI of the mixture is multiplied 
by its weight fraction. Therefore, in order to estimate the concentration of 
sucrose in feed and permeate, the RI of the solution is multiplied by the 
weight fraction of sucrose in the respective solution (0.714 in feed and 0.83 
in permeate). 

5.2.2 Influence Of Different Parameters On Flux And 
Rejection. 

5. 2. 2.1 Effect Of Pressure On Flux. 

The variation of flux against pressure have been plotted for three different 
membranes (10000,15000,20000) as a function of limed juice bulk concentra- 
tion ( 10, 13,16 brix) as shown in figures 5.2-5. 4. As expected the flux 
increases with increase in pressure. In case of polyamide 15000 membrane 
(fig. 5.3) the rate is much more than the cellulose acetate membranes viz. 
10000 and 20000(figs. 5. 2,5.4). All the fluxes show similar trend of decline 
with time at different bulk concentration of feed solution. 

The motion of the molecules through 20000 membrane is essentially due 
to the convective flow governed by poiseuelle law while as the MWCO size 
decreases^the flow of molecules due to diffusion becomes more and more pre- 
dominant. Therfore, the attainment of plateau (where pressure has negligible 
effect on flux ) for 10000 and 15000 membrane is beyond 884 kPa. 
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Constituents 

Feed 

Permeate 

Dry 

Basis(%) 

Basis(%) 


H 

Water 

75.77 


- 

Total solids 

24.33 

100 

85.69 

Permeable solutes 

20.85 

85.67 

• 100 

- Ash 

0.32 

1.32 

6.33 

- Sugar 

17.37 

71.37 

83.30 

- Pentosans 

3.16 

12.99 

15.16 

Non permeable solutes 

3.48 

14.30 

- 

- Lignin (fibre) 

2.53 

10.40 

- 

- Nitrogenous bodies 

0.49 

2.01 

' 

- Fats and waxes 

0.14 

0.58 

- 

- Pectins and gums 

0.32 

1.32 



Table 5.3 Generated composition of limed juice. 
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figure 5.5 shows that the flux through 10000 and 15000 membranes is 
hi gher than 20000 membrane. This is because 15000 membrane is a dif- 
fuse cut-off membrane ( large pore size distribution ) where as 10000 and 
20000 membranes are sharp cut-off membranes.In a diffuse cut- off mem- 
brane , therefore, even if there are few pores of large diameters ( greater 
than 15000), they affect the flux considerably as flux is directly proportional 
to the square of pore diameter. The second reason is that the hydraulic resis- 
tance of the membrane (Rm) of 20000 ( T.eSxlO^^m"^) is much higher than 
10000 ( 3.96xl0^^m“^) and 15000 (3.13x10^^ m”^) membranes. 

5. 2. 2. 2 Effect of Bulk Concentration on Flux 
It is a known fact that with the increase in the bulk concentration of 
feed, the permeate flux decreases. This is what is verified by the figures 5.6 - 
5.8, where flux is plotted against bulk concentration as a function of pressure. 
This is due to increase in osmotic pressure which reduces the effective pressure 
gradient. 

In figures 5.6 and 5.7, one can observe that the decay in flux is rapid at 
884 kPa compared to that at low pressures (476 and 680 kPa), where decay 
is gradual. This may be due to the reason that at high pressure the bulk 
diffusion of macromolecules is slow which thereby contribute in the rapid 
growth of the layer adjacent to the membrane causing a sharp decline in 
flux. 


In figure 5.8 one can see that the behavior of 20000 memebrane is some- 
what different, where^at low pressures decline is slow. Furthur, it may be 
seen that at much^fencentrations the decline might follow a sharp trend. 
This is because 20000 membrane being a large pore size, membrane tend to 


pass most of the low molecular weight substances and retain large macro- 
molecules (like proteins, dextrans, etc.)^which are likely to form gel like laye:^ 
but offer a negligible osmotic pressure. Thus the pressure difference across 
remains unchanged. While, as the pore size of the membrane decreases (e.g. 
10000 and 15000) the flow due to diffusion becomes more and more predom- 
inant compared to convection. The increase in concentration near surface 
also increases the viscosity (ref. Appendix A) which furthur decreases the flux 


as flux is inversely proportional to viscosity. 
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Fig 5.6 Effect of bulk concentration on permeate flux for 10000 membrane 
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Fig 5.8 Effect of bulk concentration on permeate for 20000 membrane 
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Fig 5.9 The comparative effect of membrane on flux as a function of bulk 
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5. 2. 2. 3 Effect of Pressure on Rejection 

The variation of total solid rejection and sucrose rejection with change 
in pressure at a constant bulk concentration for each membrane is shown in 
figures 5.10 and 5.11. In most cases the rejection decreases with increase in 
pressure. However, in the present case the rejection follows an oppsite trend. 
One possible reason for this may be that cane juice forms a dynamic mem- 
brane [18], the effect of which is significant at high pressures. This is because 
at high pressure there is an increase in convective flux towards membrane 
which enhances the growth of the dynamic layer. This dynamic membrane 
formed mainly by larger molecules, restrict the passage of the low molecular 
weight (LMW) substances (sucrose), thereby decreases the permeate concen- 
tration (and hence increases the rejection of sucrose). 

It has been shown in figure 5.10 and 5.11 that sucrose rejection was con- 
siderably less than what was caluculated by total brix of the solution. This 
is notable finding as it shows that higher cut-off membranes may be used for 
removing macromolecular impurities (other than sucrose) and premeating 
moixi or less the sucrose content of the juice. 

Furthur, the permeate was obtained as a transparent and clear solution, 
except that it was slight yellowish. The yellow colour darkened with increase 
in concentration. For 10000 membrane at 476 kPa, it was almost colourless 
where as for 15000 membrane it was pale yellow. It may be pointed out here 
tliat total rejection, infact, does not signify much as it was measures on the 
basis of bulk concentration of the mixtures of premeate and feed. 

One distinct observation that can be made from the figures is that for 
a 10000 membrane the rejection increases sharply at pressures greater than 
680 kPa while for 15000 and 20000 membranes the increase is almost linear 
from 476 to 884 kPa^ th« may be beotustlOOOO membrane is a smaller pore size 
membrane where transport is largely due to diffusion (hence slower rate). 
Secondly, with increase in pressure the rate of growth of dynamic layer 
increases rapidly. This furthur restricts the passage of sucrose through such 
compact layer. 
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5. 2. 2.4 Effect of Bulk Concentration on Rejection 

1x1 figure 5.12, percent sucrose rejection is plotted against bulk concen- 
tration (brix) for different membranes as a function of pressure. It can be 
observed that as the bulk concentration increases, the rejection also increases. 
However, rate of increase is high upto 13 brix while after it the incr^e in 
rejection is gradual. The increase in bulk concentration increases the bound- 
ary layer surface concentration. This enhances the growth of dynamic layer 
and hence, rejection increases as was explained earlier. It appears beyond 
13 brix bulk concentration, there is not much increase in surface concentra- 
tion implying that the surface concentration reaches a critical value beyond 
which it may be forming gel. Furthur, gel concentration by its nature remains 
constant hence passage of solute through gel does not get restricted, thus, 
keeping the increase in rejection gradual. However, increase in thickness of 
dynamic layer reduces the flux as is already evidenced from figures 5.6 and 
5,7. An obvious observation from the figures is that as the MWCO increases 
the rejection decreases. 


5.3 Prediction Of Limiting Flux 

One of the main reasons for the slow acceptance of ultrafiltration treatment 
for clarifying and concentrating liquid solutions and suspensions is the de- 
cline of flux with time thus, adversely affecting the output rate. This decline 
of flux is due to concentration polarization. The consequence of this con- 
centration polarization which ultimately leads to fouling of membrane, have 
several other implications i.e. formation of polarized layer, adsorption on the 
membrane surface, plugging and clogging of pores etc. In general these all 
contribute to an extra resistance. It is also a well known fact that concentra- 
tion polarization cannot be avoided but can be minimized by optimizing the 
operating conditions and proper case study of the feed on the membrane. In 
the present work the limed juice subjected to ultrafiltration did exhibit drop 
in flux with time and some deposition on the membrane surface was also 
observed. Thus, it became necessary to study the limitin g flux phenomenon 
during UF to predict and analyse the flux decline. In the present work, two 
establised models [27,28,31-33] were chosen to steady this aspect. Furthur, 
the analysis through such models would enable us assess one or some better 
conditions to ultrafilter limed cane juice. The chosen modeljare : 
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1. Osmotic pressure polarized layer model [21,31,32 ] 

2. Cake filtration model [28,30] 

5.3.1 Osmotic Pressure Polarized Model 

5. 3. 1.1 Estimation and Influence of Polarized Layer Resistance on 
Operating Conditions 

To estimate the polarized layer resistance an iterative technique was 
adopted [ch 3]. The algorithm for which is given in Appendix C. The algo- 
rithm was repeated for each experimental run and polarized layer resistance 
(Rp) as well flux value was calculated at each time interval. Figure 5.13 
shows the calculated flux for a pqjrticular bulk concentration and pressure 
differential. Since, the osmotic pressure model described in eqn. 3.1 
does not account for any extra resistance that builds up as a function of 
time, hence, the calculated flux is constant for a run. 

The figure 5.13 shows that deviation between Jcai and J^xpt increases with 
time. Furthur in figure 5.14 and 5.15, polarized layer resistance increases 
with respect to time, which has been extimated from eqn.3.13. The influence 
of polarized layer resistance on operating .conditions can be seen in figures 
5.16 and 5.17. Figures 5.16 and 5.17 clearly shows that Rp^ {Rp calculated 
at steady state) increases with increase in concentration and pressure. It is 
clear from the figures that in lower pore size membrane the bulid up polarized 
layer is more than in case of large pore size membrane. Also as the bulk 
concentration increases, polarized layer resistance also increases. This is 
more evident in figure 5.11 where beyond 13 brix rate of increase of Rp with 
bulk concentration is much higher. Furthur, it depicts that 15000 membrane 
offers highest Rp. This may be attributed to the fact that 15000 membrane 
is a PA membrane of wide pore size distribution where as 10000 and 20000 
membranes are CA membranes of narrow pore size distribution. 

5.3.2 Cake Filtration Method 

To predict the specific cake resistance in a stirred UF cell, another model 
proposed [30] was used. In this the model has been described in 


I KT., KAiv? 


*mM0, A. 
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Fig 5.18 Specific resistance of cake for a 20000 membrane 
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P = 476 kPa 


RI = 10 brix 

Rl = 13 brix 

1 Rl = 16 brix 

Js 

4.71 

3.79 

3.28 

Rs 

7.10 

1.78 

11.5 

R, 

6.11x10’^ 

8.70x10’^ 

1.18x10’^ 

a 

2.35x10’^ 

].46x10’2 

1.18x10^2 

p = 680 kPa 


5.43 

4.85 

4.51 

Rs 

9.5 

14.3 

17.3 

Rp 

8.52x10^^ 

9.62x10’^ 

ll.lxlO’3 

a 

4.05x10^^ 

4.68x10^2 

2.65x10^2 

p = 884 kPa ‘ 

Js 

6.03 

5.97 

5.31 

Rs 

16.4 

26.8 

27.4 

Rp 

10.7x10^3 

10.8x10^3 

9.69x10^^ 

a 

6.06x10’^ 

12.1x10^2 

1.13x10^2 


Table 5.4 Tabulated results of 10000 MWCO membrane 
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476 kPa 



10 brix 

13 brix 

16 brix 

Js 

4.6 

2.23 

1.08 

Rs 

4.8 

- 

7.13 

Rp 

7.29x10’^ 

18.1x10” 

31.0x10” 

a 

2.9xl0’2 

1.3x10” 

1.1X10” 

680 kPa 

Js 

5.47 

3.39 

2.93 

R. 

7.1 

10.6 

12.9 

Rp 

9.24X10^^ 

14.9x10” 

20.1x10” 

Of 

4.1x10^2 

12.5x10” 

4.5x10” 

884 kPa. 

Js 

6.5 

3.65 

4.47 

Rs 

9.5 

14.3 

15.8 

Rp 

9.44x10^^ 

11.7V10” 

15.9x10” 

a 

5.7x10” 

7.6X10” 

5.8X10” 


Table 5.5 Tabulated results of a 15000 MWCO membrane 
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476 kPa 


10 brix 

13 brix 

16 brix 

Js 

4.41 

4.2 

3.66 

Rs 

0.2 

> 

1.328 

Rp 

2.82>(10’3 

3.0id0“ 

4.65x10“ 

a 

3.5x10^^ 

7.5x10“ 

9.9x10“ 

680 kPa 

Js 

4.55 

4.45 

3.89 

Rs 

2.5 

3.4 

5.67 

Rp 

6.53>fl0^3 

7.45x10“ 

0.93X1013 

or 

5.6x10“ 

5.6x10“ 

3.4x10“ 

884 kPa 

Js 

4.75 

4.6 

4.03 

Rs 

7.1 

10.7 

11.5 

Rp 

9.24yl0“ 

10.7X10“ 

8.13x10“ 

a 

9.4x10“ 

6.5x10“ 

8.8X10“ 


Table 5.6 Tabulated results of a 20000 MWCO membrane 










resistance on different cut-off membranes viz 10000, 15000, 20000. All the 
results are tabulated in tables 5.4, 5.5 and 5.6. It was thought to analyse the 
scheme of UF for the recovery of sucrose from the limed cane juice with the 
help of above stated results. It is obvious that the choice for better scheme 
would depend upon high flux, low rejection of sucrose and low resistances 
against flow. However, direct comparision of all the schemes with the re- 
sults was not possible as the results differed in units and pattern,particularly 
because of the membranes of varied 

From figures 5.2 - 5.4 one can observe that except in a 15000 mem- 
brane, all other membranes do not show any advantage of operating the 
experiment at high pressure i.e. 884 kpa (130 psi), as the increase in flux 
is not significant. While in case of 15000 membrane, the flux increases pro- 
portionally with the pressure. From the same figures one can see that the 
flux is highest at 10 brix concentration of the feed. However, it is again the 
15000 membrane which gives the highest flux for almost all pressures at 10 
brix feed concentration. From figure 5.9, it can be inferred that though the 
15000 membrane at 10 brix and all pressures give highest flux but it is 10000 
membrane which gives the highest flux at 16 brix concentration of the feed, 
compared to other membranes. 

In figure 5.10 one can notice that 20000 membrane gives the lowest rejec- 
tion of sucrose at all conditions of pressures and bulk concentration. Hence, 
it may be the most favourable for industrial applications in terms of recovery 
of sucrose. However, the flux of 20000 membrane being the lowest, compels 
one to look for another membrane. The 15000 membrane can be thought as 
one of such as it also gives quite low rejection of sucrose at low pressures of 
476 kPa and 680 kPa (sucrose rejection being 4.8% and 7.17% respectively). 
But at 476 kPa the flux is considerably low and hence 680 kPa may be chosen 
as a better operating pressure. 

Besides rejection and flux, resistance of the polarized layer and the resis- 
tance offered by the material deposited on the surface are also to be consid- 
ered. This is because they effect flux and consequently may reduce the 
permeability of the membrane, frorri table 5.5 it can be noted that 15000 
membrane provides lowest specific resistance and reasonably low polarized 
layer resistance at 680 kPa(100 psi) and 10 brix. However, at the same 
pressure and high feed concentration (16 brix); it is the 10000 which can 
considered as the favourable membrane. But it should also noted that the 
rejection of sucrose is comparatively higher(17.2%) using 10000 membrane 
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which is not favourable in terms of recovery of sucrose, where as 20000 mem- 
brane can be advantageous in such conditions. From the above discussion 
one can, therefore, draw the following inferences : 

1. A pressure of 680 kPa (100 psi) and feed concentration of 10 brix seem 
to be the favourable conditions as they gave high flux and reasonably low 
values of rejection of sucrose. 

2. The 15000 membrane appears to show better results as compared to 
other two, in terms of high flux, low resistance and low rejection ^t 680 kPa 
and 10 brix). 

3. However, if the limed juice is to be treated at high concentration, then 
20000 membrane appears to be favourable as it gives a reasonably high flux 
and does not comparatively offers much resistance. 

It was thought to analyse the scheme of UF for the recovery of sucrose 
from limed cane juice with the help of above stated results. It is obvious that 
the choice for better scheme would depend upon high flux, low rejection of 
sucrose and low resistances against flow. However, a direct comparisons of 
all the schemes with the results were not possible as the results differed in 
units and particularly because of the choice of the membranes that varied in 
characteristics. 
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Chapter 6 

CONCLUSIONS 


Based on the experimental work carried out on the treatment of sugarcane 
juice using UF and also on the theoretical interpretation of the results, the 
following conclusions are drawn : 

1. Liming of raw sugarcane juice with milk of lime to a pH of 8.0, at room 
temperature , followed by prefiltration removed approximately 20% of the 
total solids from the juice . 

2. From the experimental results it was found that at stirrer speed of 
600 rpm , 680 kPa (pressure) and 10 brix( feed concentration) are the most 
favourable operating conditions as they provided reasonably high flux and 
low rejection of sucrose in all cases. 

3. From the comparitive study of the three membranes viz. 10000, 15000 
and 20000 MWCO membrane , the 15000 MWCO membrane was found most 
suitable. It not only provided high flux and low sucrose rejection at 680 kPa 
pressure and 10 brix feed concentration but offered low specific and polarized 
layer resistances. 

4. In case, if the limed juice is to be ultrafilterd at high ^concentration 
(higher thanl3 brix ) then the 20000 MWCO membrane would^more suitable. 
This^ecause at high concentration and high pressure it offers comparitively 
low resistances besides giving low sucrose rejection . 
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Chapter 7 

RECOMMENDATIONS 


The work is the first experimental study that is carried out in our lab for 
treatment of natural sugarcane juice, to recover sucrose using membrane 
separation processes ( particularly UF). There were many limitations to the 
work and more detailed study was required to be undertaken. Hence, several 
recommendations and suggestions can be made for the development of a 
technique by which cane juice can be ultrafiltered in such a way as to give 
clear and transparent permeate of same sucrose content. Some of them are 
listed below : 

1. The UF of limed juice was studied for small range of pressure and a 
fixed stirrer speed. Hence, it should be studied at different stirrer speeds and 
wide range of pressures. 

2. A detailed study of flux decline behaviour and sucrose rejection of 
other sharp cut-off as well as diffuse cut-off membranes should be done in 
order to find a suitable membrane . 

3. The present study was focused only on the recovery of sucrose however, 
the task of concentration sucrose by Nanofiltration (NF) and Reverse Osmosis 
(RO) should also be undertaken. 

4. In the present work, it was observed that there was a deposition on 
the membrane surface that was detrimental to the flux as well as life of the 
membrane. To overcome this drawback, some experiments using cross-flow 
cell and vortex-flow cell should be conducted. 

5. A theoretical model should also be developed to predict the flux, 
rejection and resistance apriori. 

6. To reduce the load of highmolecular weight substances on membranes, 

some pretreatment methods should also be developed. 
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APPENDIX A 


A-1 Physical properties of limed cane juice 

All the properties of the limed juice were measured at 23°C. 

A. 1.1. Determination of density - refractive index correlation 

From density- concentration data given in table A-1, following correlation 
was developed: 

? = 9.87x10-^ -f 3.4908x10-3(7 + 1.00387x10-^(72 

where, C is concentration of the solution in Rl(brix) and p density is in 
g/cc. 

A. 1.2 Determination of viscosity - refractive index correlation 

Rrom the viscosity-refractive index data given in table A-2, following cor- 
relation was developed: 

fi = 8.08896 X 10-^ -h 8.27988 x 10-^ C -1- 6.72107 x + 2.85867 x 

lO-^C^ 

where, C is cocentration in RI and p is viscosity in cP. 

A. 1.3 Determination of concentration - refractive index 

Refractive index of limed cane juice at various concentration was mea- 
sured at 23°C. The figure 5.1 shows the caliberation curve of concentration 
versus RI of limed as well as raw cane, juice. Table A-3 and table A-4 show 
the concentration - RI data for limed and raw juice. 
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RI (brix) 

Density (g/cc) 

1.6 

0.990 

3.0 

1.00 

5.0 

1.005 

6.8 

1.021 

9.2 

1.022 

11.2 

1.034 

13.6 

1.053 

16.3 

1.071 


Table A.lRefractve index - Density data for limed cane juice 


Rl (brix) 

Viscosity (cp) 

1.6 

0.9274 

5.0 

1.084 

6.8 

1.148 

9.2 

1.246 

11.2 

1.278 

13.0 

1.379 

16.0 

1.612 


Table A.2Refractive index - Viscosity data for limed cane juice 





R1 (brix) 

Concentration (g/cc) 

1.6 

0.01162 

3.0 

0.02189 

5.0 

0.03642 

6.8 

0.04790 

9.2 

0.06120 

11.2 

0.08032 

13.0 

V 0.0782 
' 0.1138 

16.5 


Table A.SRefractive index- Concentration data for limed cane juice 


RI (brix) 

Concentration (g/cc) 

1.6 

0.01 

3.00 

0.03 

6.0 

0.06 

8.0 

0.07 

11.4 

0.09 

15.4 

0.13 

19.0 

0.17 


Table A.4Refractive index-Concentration data for raw cane juice 






APPENDIX B 


To prove that refractive index (RI) follows additive law , following exper- 
iment was conducted. 

Experimental procedure 

Three different solutes - dextrose, sucrose and bovine serum albumin(BSA) 
, were taken. They were separately dissolved in distilled water and the RI 
of the solutions were measured. Then two of the solutions were mixed and 
the RI was measured. After that all three solutions were mixed and RI was 
measured. Here it i s to be noted that the amount of solutes taken were 
approximately in the same proportion as they are present in raw sugarcane 
juice. The results of the experiment are tabulated in table B.t From the 
table one can observe that RI is an additive extensive property. 


Dextrose 

RI 

BSA 

RI 

(JnrjX^ 

Sucrose 

RI 

(Dex^ose-}- Sucrose-f B S A ) 
RI 

fb-ri'iC) 

1.1 

0.6 

0.6 

17.5 

1.0 

0.5 

13.9 

15.4 

0.9 

0.4 

12.2 

13.7 

0.8 

0.3 

10.6 

11.7 

0.6 

0.3 

8.9 

9.8 

0.5 

0.2 

7.0 

7.8 


Table B.l Refractive indices of various solutes and their solutions 
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APPENDIX C 


A block diagram of the algorithm used to calculate the flux and polarised 
layer resistance at different time intervals during the experiment is given in 
figure C.l. The algorithm uses the osmotic pressure model to find the flux 
and resistance. The correlation used to find the change in osmotic pressure 
with change in the concentration at the membrane surface is given in equation 
given below. It can be observed that the correlation is only for sucrose. This 
is used because it is assumed that all the nonpermeable species that are 
completely rejected by the membranes offer no osmotic pressure as they are 
macromolecular substances. Secondly, out of all the low molecular weight the 
content of sucros is highest, hence osmotic pressure calculations are based on 
sucrose only. 

jyrp 100-g _ i£ 

IhJ. r /ij 1 

^(C) — ~T7~l l00-c 3eJ 

tiw 

where, 14,= Partial molal volume of water (18.016 x 10 ® 

Mu,=Molecular weight of water(18.016 x 10 kg/mol) 

M 5 =Molecular weight of sucrose(342.30x 10“^Kg/mol) 
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Fig. C.l A block diagram for the algorithm. 
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1 4 . 24 
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4.47 
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4.42 
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2 . 24 
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P = 884 

.353 kPa 

Rm = 7. 

62el3 /m 

RI (P) = 
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KI(F) = 16 brix 

P = 476.19 kPa 
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t ( s ) F 1 ux ( m/s ) 
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) (xl0e6) 

3.72 

6 . 0 

9.34 

5.10 

15 . 34 

5.02 

18.35 
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RI (P) = 12.2 
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17.0 5.05 
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35.95 4.03 



me laoies Deiow give tha calculated values of f lux ( jcal ) and 
polarised layer resistance(Rp) for each experiment. 
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